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RESEARCH MEMORANDUM

AN EXPERIMENTAL EVALUATION OF SEVERAL DESIGN VARIATIONS OF
HOLLOW TURBINE BLADES FOR EXPENDABLE ENGINE APPLICATION

By W. C. Morgan and R. H. Kemp

SUMMARY

An investigation was made to evaluate several design varlations of
hollow turbine blades intended for missile-engine use. In one general
type, the airfolls were formed fram sheet metal; in a second type, the
blades were cast. The blades were operated in a J47 engine at 7950 rpm
turbine speed and 1260° F tall-pipe temperature until a failure occurred
or s service life of 30 hours had been attained.

It was determined thet a practical missile turbine blade can be
made by either method of fabrication. In addition, useful data were
obteined on root fastenings for application to light-weight rotor
design.

Blades with Sheet-Metal Alrfoils

Three sheet materials were investigated: L-605, Hastelloy B, and
A-286. Airfoils made from [-605 and Hastelloy B satisfied the test re-
quirements; A-286 proved to be somewhat less satisfactory because of
susceptibility to cracking.

It was found that a practical method of fabrication consisted of
forming the sirfoil sides separstely esnd Jolning them by welding along
the leading and tralling edges. Forming from a tubular shspe was un-
patisfactory in the case of the L-605, but favorable results were ob-
tained with Hastelloy B.

The effect of wall thickness wes investigated and it appeared that
0.030 inch was a practical minimum dimension, even 1n the tip reglon of
tapered walls. The wall-thickness tests were mede only with L-805 but
the results probably will have a general application because the factors
of structural rigidity and resistance to fatigue are involved.
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Attachment between airfoll and bese was made by welding or brazing.
Brazing was found to be superior to welding.

Cast Blades

Hollow blades cast from HS-21 gppeared to be slightly superior to
blades of X-40. The airfoll wells were tapered, 0.055 inch at the base
to 0.030 inch at the tip. The HS-21 blades were operated in the as-cast
condition; it was found that X-40 required heat trestment and shot-
peening of the root serrations in order to obtaln reasonsble service
life. The X-40 bledes displayed a tendency toward tip failure in

fatigue.

The root modification used fof cast-blade specimens was found to
be more satlisfectory than the design used with sheet-metal alrfoils.

INTRODUCTION

A research program has been In progress at the Lewis laboratory to
investigaste the possibility of designing hollow turbine blades and
light-welght rotors for expendable missile engines. The specific pur-
pose of the research described in this present report was an experimental
evaluation of a number of hollow turbine blades intended for short serv-
ice 1life. It was considered that a blade service life of spproximstely
10 hours would satisfy the requirements for missile-engine spplication.
In order to evaluste rellabllity, however, it was decided to fix the
minimum endurence time gt 30 hours.

Two genersl types of hollow blades were considered 1n this investi-
gatlon; seversl variations of each type were made. In one type, the
airfolls were made from sheet-metal stock and attached to separate
bases; in the second type, the entire blede was formed by casting.

The results of a previous investigation of sheet-metal airfolls are
given in reference 1; it eppeered that 1-605 sheet stock had favorable
characteristics for missile-engine gpplication. In the present progrem
it was Intended that further investigation should be mede of L-605, and
that the scope of the research should include conslideration of other
sheet-metal alloys. The materials A-286 and Hastelloy B were selected.
The characteristics of these alloys were considered favorable, and the
amounts of strategic alloying elements present In these materials are
somewhat lower then L-~-605.

In the case of the cast blades, HS-21 and X-40 were selected on the
basls of known strength at elevated temperature and facillity in casting.
The compositions of the sheet materiasls and cast alloys included in the
hollow-blade Investigatlon are shown in table I.
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Airfoils mede from the sheet materisls were attached tc the bases
by brazing or welding. The J47 alrfoil configuration was used. There
were fourteen varistions smong the sheet-metal blades. These variations
consisted of differences in materisl, methods of fabrication, and geo-
metric shape of root.

The purpose of including tests of different root shapes was to ob-
tain date for application to the design of light-weight turbine rotors.
The cast bledes were made by the lost-wax process. There were four var-
iations of thils type. In addition to the investigation of two different
alloys, attention was given to effects produced by heat treatment, dif-
ferent root shepes, and shot-peening of the root. The airfoil shape
differed in some degree from the standard J47 blade. Chord.thickness
wes greater at the tip.

The finished turbine blades were installed in a standard turbine
wheel and operated at meximum service conditions of tail-pipe tempera-
ture and turblne speed. Operation was continued until failure occurred
or & specimen had attained a life of 30 hours.

DESCRIPTICN OF BLADES

The sheet-metal airfolils contormed in shepe to the standard J47 de-
sign; in the case of the cast blade, the airfoils had less external ta-
per in order to provide for a casting core of asdequate strength. Aero-
dynamic analysis indicated that this condlition would have some effect on
turbine performance, but it was considered thet the reduction in turbine-
passage area would not be detrimental.

The variations among the blade groups are given in table II. The
number of sample bledes of each design was not the seme; the size of
sample groups was determined on the basis of previous bench-test results,
relative importance, and the immediate avaeilability of materials.

Bledes with sheet-metel eirfoils. - In two of the design groups the
alrfolls were formed from seam-welded tube. The seam fell ocutside the
tralling edge after the forming operation had been completed. The
trailing edge was then brazed and the portion containing the seam was
cut off. Braze was introduced into the leading edge also in order to
alleviate the effect of possible cracks.

The other sheet-metel airfoils were made in two parts. The suction
and pressure sides were formed in separate dies. The pressure-side dies
are shown 1n figure 1. In a subsequent operation the two sides were
welded together along the leading and trailing edges.

G
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The hollow alrfolls were attached to bases and the tips were closed
by a welded or brazed cep. The purpose of the cap was to prevent a type
of tip vibration characterized by independent wall movements. The two .
types of caps are shown 1n figure 2. -

Standard J47 turbine bases were modified as required for the inves-
tigation. Four types of bases were used. These are shown in figure 3.
In base A, the solid girfoll was removed to a height of 0.13 inch above
the baese platform. This 0.13-inch stub was then mechined to f£it the in-
side of the hollow airfoil. A second design, base B, was similar with
the exception that a considerable part of the serrated rocot was removed.
In the base C deslgn, the solid alrfoil was removed flush with the base
platform. The fourth deslign type, base D, had as design characteristics
the flush platform and the modified root. In most cases, a vent was
provided in the base, in order to avoid the possibllity of moisture

being sealed within the completed blade. o

There were several varlations in the geometry of the base attach-
ment. In certasln deslgn groups the alrfoil wes brazed to a base stub;
in others, the alrfoll was welded to a flush base. An exception to both
these methods was attechment by braze in tenslon. A contoured slug
0.19 inch in length was brazed inside the sirfoll base. The end was
machined flat and then the completed alrfoll was brazed to a flush base.
FPigure 4 shows thls construction.

Figure 5 shows the method of locating an airfoll on a base. Small
tack welds were used to maintain this position. Attachment was com-
pleted by welding or brazing. The heliarc process was used in welding;
rod.of the same materiasl as the airfoil was employed. Helium was di-
rected into the interior of the airfoil during welding to provide an
inert atmosphere.

The brazing material was Nicrobraz, with nickel addition in some
cases. Detailled Information on Nicrobraz and its application 18 pre-
sented in reference 2. Most of the brazing was done in a vacuum fur-
nace. In the case of one airfoil maeterial, A-286, the process was car-
ried out in a salt bath because of the presence of titanium in the al-
loy.O This was followed by heat-treating the material for 16 hours at
1325% F.

Three materials were used for airfolls, 1-605, A-286, and Hastelloy
B. The L-605 airfoils were made in more then one wall thlickness and in
several wall tapers. Stock was available in 0.030 and 0.060 inch. Ma-
terial of less than 0.030 inch was made by rolling. Tapered stock was
obtained by machining. The machining stresses were relieved by a heat-
treatment of 1 hour at 2225° F. Hastelloy B was available in 0.080-1inch
thickness; this material was reduced to the required 0.030-inch thick-

ness by rolling.
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Cast blades. - These blades were made by the lost-wax process. Two
meterials were used in the investigaetion, X-40 and HS-21. Blades made
from X-40 were tested in the as-cast condition and also in the heat-
treated condition with shot-peening of the root. Table IIT describes
the heat treatment. The HS-21 blades were opergted in the as-cast
condition.

The construction of the cast blade is shown in figure 6. Two types
of base were used. The bases are shown in figure 7. The purpose of
usling the modified root design was to obtain data for light-weight rotor
application.

EXPERTMENTAL. PROCEDURE

The specimen blades were operated in a J47 engine. Twelve blades
were tested slmulteneously, spaced at equal intervals arocund the turbilne
rotor, with stenderd solid blades making up the remainder of the turbine
blade camplement. ILittle difficulty was experienced in obtaining moment-
balanced pairs of blades with modified roots; in the case of the stand-
ard blades 1t was necessery to remove material from some of the bases in
order to obtain mcment-balanced pairs. Moment balance has reference to
location of blade mass center wlth regard to the turbine axis. A thin
replacegble shroud sectlon in the tail cone was used to reduce the ef-
fects of ilmpact demasge attendant on & blade failure.

The procedure of engine operation consisted of gradusl acceleration
to a turbine speed of 7950 rpm. Tail-pipe temperature was adjusted to
1260° F. Operation was continued until a failure occurred or until the
hollow blades had accumuleted at least 30 hours at the stated conditions.

RESULTS AND DISCUSSION

The results of the investigation are presented in figure 8. The
order of listing is not chronological in all cases.

Groups 1 to 14, inclusive, of the teble include the blades with
sheet-metal ailirfoils. Groups 15 to 18 compose the cast-blaede speclmens.

For convenience 1n discussion the design groups will be considered
separately.

Group 1. - (1-605, 0.030-in. wall, all-welded, fig. 3, base D.) All
of the six specimen blades faliled in less than 10 hours. The lmmediste
cause of fallure was deformstion in the base. Figure S shows the type
of fgilure. It was noted also that the weld penetration was not uniform
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in the base attachment. The results indicated that thils type of base is
of insufficient strength and that the relative disparity in mess between
the airfoil and the base 1s unfavorable for welding.

Group 2. - (L-605, 0.030-in. wall, all welded, fig. 3, base C.) In
this group of .blades the importance of sound welding was exemplified.
All six blades failed because of imperfect weld penetration; four blades
failed in less than five hours. Figure 10 shows typlcal failed specl-
mene. Automatic mschine weld might prove to be more effective in making
Joints of this type.

Group 3. - (L-605, 0.030-in. wall, welded airfoil brazed to stub,

fig. 3, base B.) The failure of three blades was attributed to improper'

febrication. Excesslve clearsnce between the pressure side of the air-
foll end the stub resulted in an inadequate braze. Another blade falled
because of a crack that originated in the trailing edge. Two blades
were operated for about 18 hours before failure occurred due to base de-
formation. The fallures were similar to those that were characteristic
of the group 1 tests. The stub section dild not provide sufficient
stiffness to the modified base. Location of the root supports at polnts
nearer the center of the blade platform would result in a more favorable
gtress distribution. One of the base fallures is shown in figure 11.

Group 4. - (L-605, 0.030-in. wall, brazed tip cap, welded airfoil
brazed to stub, fig. 3, base A.) Two blades of this group failled be-
cause of improper fabrication. The remainlng four speclmen blades com-
pleted 30 hours. The fallure presented 1ln figure 12 shows a typical ex-
ample of excessive clearance, approximastely 0.060 inch between surfaces.
Clearance should be 0.001-0.004 inch for best results. The results in-
dicate that attachment of a tip csp by brazing is feesible. The fail-
ures ceused by excessive clearance between brazing surfaces are not of
great significance; in subsequent febrication the technique was changed
snd there was only one recurrence.

Group 5. - {(L-605, 0.025-in. wall, welded airfoil brazed to stub,
fig. 3, base A.) One blade failed as a result of excessive clearance
in the brazed sttechment. Three blades were removed from testing be-
cause of failure in the airfoil at the midsection. Two blades were
sti1ll intact after 30 hours of operation. The fallures eppeared to
be the result of fatigue. Figure 13 shows a representative fallure
in the airfoil midsectlon.

Group 6. - (L-805, 0.022-1in. wall, welded airfoil brazed to stub,
fig. 3, base A.) Failure occurred in less than 10 hours of operation
for the six blades of this group. Serious cracking or actual rupture
in the aslrfoils occurred near the base, the midsection, and the tip.
Figure 14 presents typical failures. It 1s probable that the decrease
in structursl rigidity caused by the relatively thin asirfoil wall made
this type of blade particularly susceptible to vibration.
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Group 7. - (L-605, 0.030-in. wall, welded airfoil brazed to flush
platform as shown in fig. 4, fig. 3, base C.) The three specimen blades
were Intact at the end of 30 hours of operation. The results indicated
that it would be practical to use a brazed jolnt in tension for the base
attachment. .

Group 8. - (L-605, 0.030-in. wall, airfoil formed from tubular
stock brazed to stub, fig. 3, base A.) Five of the blades tested were
undamaged after 30 hours of operation. Seven were withdrewn from the
test after susteining tip failure. Two blades falled near the base,
and another blade received excessive impact damege. The msjority of
the fallures originated in the leading or trailing edge, probably as
a result of severe bending during fabrication or of inadequate trailing-
edge brazing. Two of the feilures are shown in figure 1S5.

Group 9. - (Hastelloy B, 0.030-in. wall, airfoil formed from tubu-
lar stock brazed to stub, fig. 3, base A.) There were no fallures among
the six blades of this group during the 30-hour period in the engine.
The results indicated that forming of asirfolls from tubular stock is =&
satisfactory method. It was shown that Hastelloy B is a practical ma-
terial for expendsble turbine blades.

Group 10. - (A-286, 0.030-in. well, welded airfoill salt-bath brazed
to stub, fig. 3, base A.) One blade survived 29 hours of operation be-
fore removal from the test because of cracks in the airfoill tip. Three
other blades sustained similar failure in shorter operation times. One
blade failed in the base as a result of defective brazing. The clear-
ance between parts was correct but the braze material had not filled
the Joint. The results show that A-286 blades are relatively suscepti-
ble to tip fatigue. In addition, it is probable that speclal welding
and brazing techniques are required. The salt-bath brazing was not en-
tirely satisfactory. Figure 16 shows typical faillures.

Group 11. - (L-805, 0.030 to 0.020 in. tapered wall, welded airfoil
brezed to stub, fig. 3, base A.) Cracking in fatigue after short en-
gine life characterized the failures of the six ssmple blades. Typical
examples are shown in figure 17. The faillures occurred at several lo-
cations along the alrfoll. It gppeared that the tespered wall was of
insufficient thickness to resist vibration.

Group 12. - (L-605, 0.035 to 0.020 in. tapered wall, welded airfoil
brazed to stub, fig. 3, base A.) Three blades of this group failed in
less than 10 hours of operation. The failures were 811 in the tip re-
glon, and were attrlbuted to fatigue. It is possible that a welding
problem exists where 1t 1s necessary to joln comparatively thin sheet.
On the other hand, slight variations in the mechined teper may have been
a critical factor. Figure 18 shows the type of failure encountered in
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operation. The other three bledes were still in good condition at the
end of 30 hours in the engine. On the basls of these results it ap-
peared that the wall thickness In the tip is an important factor in a
design that employs tapered slrfoil walls.

Group 13. - (1.-605, 0.040 to 0.020 in. tapered wall, welded airfoil
brazed to stub, fig. 3, base A.) There were five blades in this sample
group; only one blede failed within the 30-hour test perliod. Thils fail-
ure occurred in the tlp region after more than 29 hours and appears in
figure 19. From the sppearance of the failure it sppeared thet the
crack originated in the weld. The results indlcate that the proper de--
sign of tapered airfoll walls may produce satlsfactory turbine blades.

Group 14. - (1.-605, 0.050 to 0.030 in. tapered wall, welded airfoil
brazed to stub, fig. 3, base A.) The elght blades of this type com-
pleted 30 hours in the englne with no failures. There was no evidence
of incipient cracking in the airfolls or 1n the base attachment. These
blades were formed fram the relatively thick tapered stock; apparently
thie was a more nearly optimum design.

Group 15. - (X-40, 0.055 to 0.030 in. tapered wall, cast, modified
base.) The six blades of this group were removed after 9 hours. One
blade had failed in the root serration and three others showed serlous
cracking in this region. The two remaining blades had developed cracks
in the airfoll as well as in the root. The evidence indiceted that the
blades of this group were subJject to fatigue fallure. Figure 20 shows
the root-serration failure.

Group 16. - (X-40, 0.055 to 0.030 in. tapered wall, cast, standard
base.) At the end of 20 hours of engine life the sample of four blades
was removed. Three of the blades had developed fatigue cracks in the
tlps; the fourth blede also appeared to be cracked by vibration, but
mey have been demaged by impact. Typleal failure i1s shown 1n figure Z21.
The X-40 blades in the as-cast condition are susceptible to fatigue.

Group 17. - (X-40, 0.055 to 0.030 in. tapered wall, cast, heat-
treated, shot-peened modified base.) After. 24 hours of operation four
of the eight sample blades were removed. These blades had fatigue
cracks 1n the tips. The remaining four blades survived 30 hours of
operation, although inspection of the bases revealed evidence of crack-
ing in the root serrations. TFigure 22 shows one of the failures. A
comparison of these results with those obtalned from the group 15 tests
indicates that considersble lmprovement 1n the quality of X-40 cast
blades can be obtained by proper heat-treatment and work-hardening of
the root. There was less tendency toward tip fallure by fatigue, and
root-cracking was reduced. .
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Group 18. - (HS-21, 0.055 to 0.030 in. tepered wall, cast, modified
base.) The sample of four blades completed 30 hours. The airfoils were
in good condition but inspection showed some evidence of incipient fa-
tigue cracking in the roots. Some impact damege occurred from failures
of other test bledes but not of such magnitude to render the blades in-
operable. The greater ductility of HS-21 under impact compared to that
of X-40 is a favorable characteristic for hollow turbine-blade
application.

SUMMARY OF RESULTS

An experimentsl investigastion was made to evaluate several design
varlations of hollow turbine bledes; 1n one general type, eirfoils were
formed from sheet metal; in a second type, the blades were cast. The
blades were operated in a J47 engine at 7950 rpm turbine speed esnd
1260° F tail-plpe temperature until failure occurred or & service life
of 30 hours had been attained.

It was determined that a practical missile-turbine blade can be
made by either method of fabrication. In addition, useful data were
obtained on root geometry for future application to light-welight ro-
tor design.

Blades with Sheet-Metel Airfolls

It was found thet alrfoils made from L-805 end Hastelloy B met the
requlrements. Airfolils made from A-286 proved to be susceptible to
cracking.

A satlsfactory method of fabrication consisted of forming the two
sides of an sirfoll separstely aend jolning them by welding along the
leading and trailing edges. The results of tests made with sirfoils
formed from a tubular shape indicated that this method is appliceble
only to certain materials because of extreme bending. Hastelloy B
was superlor to L-605 In this respect. Heat-treastment at various
stages during forming might result in improved blade life.

The alrfoll tips were closed by brazing or welding a thin cep.
Either technique was satisfactory.

Attaching the alrfoil to the base by brazing proved to be consider-

ably more rellable than a welded Jjolnt. There were no failures in prop-
erly brazed ettachments; none of the welded Joints swurvived 30 hours.

4-
<
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Some investigetion was made of the effect of thickness in the alr-
foil walls. It was observed that 0.030 inch was a lower limit for preec-
tical purposes, even in the tip reglon of tapered walls. This was de-
termined with L-605 airfoils and mey be assumed generally true for most
meterials on the basis of structural rigidity and reslstance to fatigue.
Airfoils with wall thicknesses of 0.022 and 0.025 1nch failed in less
then the required time; the fallures were ascribed principally to
fatigue.

The datae obtalned on speciasl root fastenings in this phase of the
investigation indicated that the supports would have to be brought
nearer the center of the blade platform. - ) =

Cast Blades

The results of the investigation indicate some superiority of HS-21
over X-40 as a blade materisl for mlsslile applicetion. The HS-21 test
blades were still intact after 30 hours of englne operation; many of the
X-40 blades failed in fatigue. It was noted, however, that heat-
treatment and shot-peening of the root resulted in improvement in the
X-40 Dbleades. '

The root modification used for cast-blade speclmens was found to
be satigfactory ae e means of blade retention and well adapted to a
light-welght rotor installation. It was cbserved during inspection
after engine operstion, however, that incipient cracks were forming
in the root serrations.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, December 3, 1954
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TABLE I. - NOMINAL COMPOSITIONS OF
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MATERIALS INCLUDED IN HOLLOW-BLADE INVESTIGATION
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TABLE II. ~ VARTATIONS AMONG BLADE GROUPS

Qrowup Meterial Alrfeil wall thiskness, in. Material before Base Root type
mimber forming platform i
I-605 Hastellcoy B 5A-285 53-21 x40 ©.022|0.025)0.030 0.05010.055)0.04010.050 10.055 |Flat | Tubu- [Tapered | Con- |Flat |Stan-|Modi-
(cast)| (cast) to to to to to |atock| lar | steck |toured|sur- |{dard |fied
0.020|0.025] 0.020| 0.030 [0.030 gtoclk stub |face
1 x K b 4 4 x
2 x x x 4 x
3 x X x x x
4 x x x x x
5 x X x x x
& x x S z x
7 x X X T x
B b 4 x x X X
9 X X x x x
10 x x X x x
11 x x x b 4 z
12 x X X X } 4
A i F 4 z x x x
14 x x X x x
15 x x x
18 x x X
17 x x x
18 x x X
Group Root finish |Adlrfoll to base attachment |Brazing method |[Brazing temperature|Braze material| Heat trestment * Blads tip
number oyt | as Braged] Welded| Inkegrel | Vasuum [Salt | 2075° Pl2100° ¥ IMicro-|Nicee- | Improve |3tress |Brazed |WeldedOpen
peened |machined furnace|bath 15 win | 5 win braz | bras ([properties|relieve] cap | cap end
3 per-
asnt Ni '
1 x x x
2 x T =
3 x x x x x x
¢ x x x L3 x b 4 x
S x x x x X x
6 x x x x x x
? x X x x x x
a x x x x x x x
2 x x x x x x x
10 x x x x x x x
11 x x x x x 3 x
12 x x . x x x x x
13 x x x x x x x
14 x x x x x x x
15 x x x
18 S z x
17 x x x X
18 x x x
I
k] ® v ! - wt 1
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TABLE III. - HEAT TREATMENT OF X-40 HOLLOW TURBINE BLADES
IN ARGON ATMOSPHERE

13

(S IR v B o

(o B ¥ B

Heat to 500° F in short time

Increase temperature to 1350° P at a rate of 100° F per hour
Allow blades to remain at 1350° F for 16 hours

Increase temperature to 1500° F at a rate of 100° F per hour
Allow blades to remain at 1500° F for 4 hours

Allow blades to cool to room temperature in furnace
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sheet-metal airfoils.
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Figure 2. - Comparison between brazed and welded bhlede-tip caps.



Base A

Base D
Flgure 3. -~ Four variations of bases used wlth sheet-metal airfoils.
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— Contoured slug trazed-
in airfoil tefore
sttachment to base ==
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Flgure 4. - Constructlon of sheet-metal airfoll brazed to flush base pletform.
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Locating template

Airfoil-
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Figure 5. - Fixture used in melintelning the correct relationship between sheet-metal
airfoil and base platform during tack-weldlng prior to welding or brazing.

AR IS S
VL DIME el



NACA RM EB4K23

3563

»

~ CG-3 back

L)

s

19



20 ;l NACA RM E54K23

- Standard and medified root shapes of cast hollow turbine bledes,

Figure 7.
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Group number

Completed Z0 hours

Root serration fallure

Failure in welded attachment at base
Failure in brazea attachment at base
Failure in airfoll near base

Failure in airfoil near midsectlon
Fallure in alrfoil near tip

Cracks in leading or trailing edge
Cracks in tip

Failure caused by improper fabrication
Fallure from impact damage
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Figure 8. ~ Results of englne operation of 18 hollow-blade
design varliatlions.
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:Root cracks

YL S L. i C-36763

Flgure 9. - Fallure of Group 1 sheet-metal blade showing the excessive
base deformation and location of root cracks.

C-36769

Figure 10. - Two fallures of Group 2 sheet-metal blades showing the
imperfect weld penetration. -
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C-36766
Figure 11. - Complete root fallure produced by deformation of Group 3 sheet-metal blade.

C-36768

Figure 12. - Premature failure of Group 4 sheet-metel blade caused by excessive alearance
between surfaces to be brazed.
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Flgure 13. - Mid-section airfoil failure in Group 5 ﬁheet-metal‘ blade suspected to have
been caused by fatigue.
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NACA BM ES4K23

C-38T61

Airfoil faillures of Group 8 eheet-mebtal blades attributed to cracking caused by the forming operation ard to

imperfect edge brazing.

Fleura 15.
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Flgure 17. - Fatigue fallures in Group 11 tapered-well sheot-metal blades. (0.030-.020-in wall)
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NACA RM EB54K23

Filgure 19. - Group 13 tapered-wall sheet-metel blade faillure attributed to fatigue.
(0.040-.020-1n wall)
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C-368765

Figure 20. - Root serration fallure in a Group 15 hollow X-40 cast blade with a
modified root.
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C-36759
Figure 21. - Fatlgue crack in & Group 16 hollow X-40 cast blade.
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a4 Y

C-36758

Figure 22. - Fatigue failure in the tip of a Group 17 hollow X-40 cast blade that had
been heat treated and shot-peened 1n the root section.
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